We wanted to investigate vitamin D in low-risk prostate cancer.
and further epidemiological studies. Abe et al. (2) , while studying the metabolism of vitamin D in myeloid leukemia cells, made the important observation that 1,25 dihydroxyvitamin D 3 [1, 25(OH) 2 D 3 ] actually induced the differentiation of these neoplastic cells. It was later determined that this differentiation was due to the regulation of c-myc by 1,25(OH) 2 D 3 (3) . A few years later, it was hypothesized that inadequate vitamin D status, resulting from limited solar exposure at higher latitudes, was a risk factor for the development of various noncutaneous malignancies (4 -6) . Since that time, literally thousands of studies encompassing basic science, clinical trials, and epidemiology have been published with respect to vitamin D and cancer.
Prostate cancer is of great interest from the standpoint of vitamin D interaction because prostate cells express the vitamin D receptor (VDR), vitamin D-25-hydroxylase, 25-hydroxy-vitamin D-1-␣-hydroxylase, and the 25-hydroxyvitamin D-24-hydroxylase (7) (8) (9) (10) (11) . Recent observational studies investigating the association between vitamin D status, as defined by circulating 25-hydroxyvitamin D [25(OH)D], and prostate cancer have produced variable results ranging from protection to increased risk (12) (13) (14) (15) . Although one in six men will be diagnosed with prostate cancer during his lifetime, only one in 36 men will die of prostate cancer (American Cancer Society: Learn about Cancer; http://www.cancer.org/Cancer/ProstateCancer/ DetailedGuide/prostate-cancer-key-statistics). Therefore, many indolent prostate cancers are monitored over time in an effort to determine which progress into clinically important, more aggressive cancers. Thus, it provides an excellent model in which to study the effects of enhancing vitamin D status and related changes in tumor progression over an extended period of time. Also, treatment with vitamin D 3 is without any known potential side effects other than hypercalcemia and/or hypercalcuria, which rarely occur and are easily corrected.
Digital rectal examination and measurement of the serum level of prostate-specific antigen (PSA) remain the standard of care for prostate cancer screening, despite significant shortcomings (17) . There is general agreement that the introduction of PSA testing led to a measurable decrease in U.S. death rates from prostate cancer (18) , but two large randomized trials of PSA screening gave mixed results for improvements in overall survival (19, 20) . Nonetheless, the latest analysis of the Surveillance, Epidemiology, and End Results program reveals a very favorable 10-yr outcome in the PSA era, after conservative management of early-stage, well-differentiated prostate cancer (21) . Additional longitudinal studies have revealed that the risk of dying from prostate cancer after 20 yr was only 30% with a Gleason score of 6 (22) . Therefore, a considerable number of patients diagnosed with lowgrade, low-risk prostate cancer may not require definitive treatment (surgery, radiation, or a combination thereof), especially considering possible side effects such as urinary incontinence, bladder dysfunction, rectal irritation, and erectile dysfunction. Thus, the generally indolent nature of prostate cancer and the risk of side effects from surgery or radiation therapy have led to active surveillance as an option for early-stage, low-risk prostate cancer, in which definitive treatment is deferred to a later date or even indefinitely. However, active surveillance is essentially a monitoring regimen that does not specifically address the issue of how to treat low-risk disease. It has been recently reported that low serum levels of 25(OH)D (Ͻ50 nmol/liter equivalent to Ͻ20 ng/ml) strongly correlate with death from prostate cancer (12) , raising the possibility that vitamin D deficiency over time would favor the progression of subclinical prostate cancer to clinical disease (23) . Additional studies have shown that LNCaP prostate cancer cells treated with 1,25(OH) 2 D 3 undergo apoptotic cell death. Vitamin D-induced apoptosis correlates with down-regulation of Bcl-2 expression and appears to be caspase dependent by primarily triggering the mitochondrial pathway of cell death (24, 25) . Furthermore, neoplastic progression in prostate tissue appears to be associated with loss of 25-hydroxyvitamin D 3 1␣-hydroxylase activity (26) . However, the latest recommendations from the Institute of Medicine (IOM) concerning dietary reference intake for calcium and vitamin D (27) emphasize that the role of vitamin D in non-bonerelated health issues such as cancer remains unresolved because of the conflicting nature of the available evidence. These doubts have been reaffirmed in a recent article (28) . It appears that clinical studies involving robust and sustained, but nontoxic, vitamin D 3 supplementation would shed some clarity on this important issue. Therefore, we sought to determine whether daily supplementation with 4000 IU vitamin D 3 for 1 yr was safe and of clinical benefit in patients electing active surveillance for low-risk prostate cancer. 
Subjects and Methods

Subjects
Objectives
The objectives of this study were to determine whether vitamin D 3 (4000 IU/d for 1 yr) would be safe and result in a measurable decrease of serum PSA levels in a significant number of enrolled subjects and be associated with a stabilization or improvement of their disease assessed through histological examination of repeat biopsy specimens (Gleason score and number of positive cores), obtained at the end of the study as part of the standard medical care for active surveillance. , and PTH were determined by RIA, as previously described (29, 30) . Serum levels of PSA were measured in the Clinical Laboratories of MUSC by the Siemens Advia Centaur Immunoassay System (Chemiluminescence Technology). Assessment of tissue biopsy specimens, before enrollment and after study completion, was part of the standard of care for each subject and was performed by pathologists who were blinded to the study.
Study medication
Clinical trial study design
The open-label study enrolled 52 eligible subjects. Forty-eight subjects completed the study and were included in the safety analysis; these subjects had complete PSA laboratory results for inclusion in the evaluation of changes in PSA. Forty-four subjects had both baseline and repeat biopsy (as part of their standard of care) to compare the number of positive cores and Gleason score with baseline, after completing vitamin D 3 supplementation. All subjects had study visits every 2 months for 1 yr to measure serum levels of 25(OH)D, PSA, phosphorus, and PTH, plus complete blood count, basic metabolic panel, and urinary calcium to creatinine ratio (to rule out any potential toxicities from vitamin D 3 supplementation). In addition, circulating levels of vitamin D 3 (cholecalciferol) and 1,25(OH) 2 D (calcitriol) were measured at baseline and exit in 19 subjects for whom extra serum samples were available.
Historical control subjects
From an institutional (MUSC) database of more than 700 patients diagnosed with prostate cancer within the last 5 yr, we identified 19 control subjects who were under active surveillance, underwent repeat biopsies, and met all eligibility criteria of the open-label clinical trial, except that they received no vitamin D 3 supplementation. We selected only patients who had their follow-up biopsy at 10 months or later after their initial positive biopsy to ensure comparability with the timing of the follow-up visit of the patients in the open-label trial. All subjects who met eligibility criteria were included. From these control subjects, we abstracted information on their serum PSA levels and assessment of tissue biopsy specimens.
Statistical analysis
For PSA values, before comparison of means or paired differences by t test, a natural log transformation was performed to stabilize variance. As a result, hypothesis tests were based on differences in log(PSAϩ1). Paired t tests and signed rank tests were used to assess differences in serum levels of 25(OH)D, log PSA, PTH, cholecalciferol, and 1,25(OH) 2 D at enrollment and at the end of the study. Changes from baseline to follow-up in Gleason score and number of positive scores of biopsies were assessed using a sign test. Fisher's exact test was used to test for differences in proportions.
Random effects models, which included random effects per patient, were used to assess changes in the number of cores over time and to test that the resulting slope was different from zero. The log of number of coresϩ1 was used as the outcome to adhere to assumption of the regression (i.e. linearity of the trend and homoscedasticity). Due to differentials in times between baseline and follow-up biopsy, we had concerns regarding influence of follow-up biopsies that occurred relatively late (i.e. 48 months or longer after the baseline biopsy). Regression models were estimated including and excluding data points greater than 24, greater than 36, and greater than 48 months from baseline to determine how inferences were affected. The inferences were unchanged: the P value remained significant, and the magnitude of the slope changes were only slightly dependent on the inclusion or exclusion of the later biopsy data.
Results
Study population
Eligible subjects were enrolled through the Departments of Radiation Oncology and Urology at MUSC and through the Urology Clinic of the Ralph H. Johnson Veterans Affairs Medical Center. Fifty-two subjects were enrolled in this open-label study. Four subjects were removed from the study due to exclusionary criteria: a diagnosis of colorectal cancer, noncompliance, elevated serum PSA (Ͼ10 ng/ml), and voluntary withdrawal. Forty-eight subjects completed 1 yr of vitamin D 3 supplementation. Forty-four subjects who completed supplementation and underwent 12-core biopsy at baseline and at the end of supplementation could be analyzed for both study objectives ( Table 1) .
The 19 historical controls fit all eligibility criteria for the open-label trial and are described in Table 2 . As can be seen from the age, race, and baseline distributions of Gleason scores and number of positive cores, the control population was similar to the open-label study population.
Safety and efficacy
Supplementation with vitamin D 3 at 4000 IU/d for 1 yr appeared to correct all cases of vitamin D deficiency or insufficiency, although the magnitude of the response varied among subjects. No adverse events linked to vitamin D 3 supplementation at 4000 IU/d were observed. Table 1 and Fig. 1 show that exit values of serum 25(OH)D (expressed as mean Ϯ SD in nanograms per milliliter) were significantly higher than entry values (66.2 Ϯ 14.5 vs. 32.8 Ϯ 13.3, respectively; P Ͻ 0.00001). As a result of supplementation, serum levels of PTH (expressed as mean Ϯ SD in picograms per milliliter) were significantly lower at the end of the study (exit: 36.2 Ϯ 15.3 vs. entry: 45.5 Ϯ 18.9; P ϭ 0.00002), confirming that secondary hyperparathyroidism can be a consequence of vitamin D insufficiency or deficiency. Figure 1 , D and E, also shows the change in serum values of 25(OH)D and PTH (exit minus baseline value), respectively, as a function of baseline levels for each of 48 analyzable subjects enrolled in the study and suggests that subjects with lower baseline levels tend to have larger increases. However, serum PSA levels (expressed as median Ϯ SD in nanograms per milliliter) remained relatively constant, and changes do not appear to be related to the baseline PSA level (entry: 4.1 Ϯ 1.8 vs. exit: 4.5 Ϯ 2.7; P ϭ 0.27), as shown in Fig. 1 , C and E. Furthermore, serum PSA levels did not seem to correlate with the repeat biopsy outcome (see below). At baseline, the mean number of positive cores (ϮSD) for the 44 analyzable subjects was 2.1 Ϯ 1.4; however, at repeat biopsy the corresponding mean value decreased to 1.7 Ϯ 1.6. To deter- mine whether individual subjects improved or progressed, we compared the number of positive cores and Gleason grade at baseline and repeat biopsy (Fig. 2) . By these criteria, 34% of these subjects progressed ( Fig. 2A) , defined as an increase in the number of positive cores or in Gleason score; one of the subjects progressed due to an increase in Gleason score (from 6 to 8 in one core), despite a decrease in the number of positive cores (from five to two), and was classified as having had a progression. Five subjects (11%) showed no change. However, more than half of the subjects (55%) showed improvement (Fig. 2B) , defined as a decrease in positive cores and no increase in Gleason score at repeat biopsy. Positive core data were also analyzed according to baseline levels of 25(OH)D, subdividing subjects into two groups using 20 ng/ml as a cutoff serum value (Fig. 2) . These results suggest that subjects who are vitamin D deficient at baseline [25(OH)D Ͻ20 ng/ml serum] may benefit less than the other subjects from vitamin D 3 supplementation, although this inference is premature because of the small number of subjects involved in these subsets analyses.
We also compared the number of positive cores and Gleason grade at baseline and repeat biopsy in the supplemented group and the control group (Fig. 3) . Using the same criteria, 63% of the subjects in the control group progressed (because of an increase in the number of positive cores or in Gleason score), compared with 34% in the supplementation group (P ϭ 0.05), as seen in Fig. 3A . Furthermore, in the historical control group, four patients (21%) had improvements in biopsy results, three showed no differences (16%), and 12 (63%) progressed. Comparing the proportions who responded in each group (Fig. 3B) , a significant difference was found (P ϭ 0.025). Figure 4 , A and B, shows graphical displays of the positive cores over time in which baseline biopsy occurs at time 0. The baseline and the repeat biopsy for each individual are connected by gray lines. The fitted regression lines (in black) indicate that, over time, the number of positive cores tends to decrease in the supplementation group (Fig. 4A) , whereas it tends to increase in the untreated control group (Fig. 4B) . The slope of the regression line is not significantly different from 0 in the control group (P ϭ 0.19), whereas it is significantly different in the supplementation group (P ϭ 0.017). The slopes of the two fitted regression lines are significantly different from one another (P ϭ 0.02). Data represented in Fig. 4A were analyzed using three different thresholds: follow-up through 24, 36, and 48 months, respectively (i.e. all data from time points beyond the threshold are not used in the model estimation). Interestingly, the slopes are identical with four decimal places when using the 24-and 48-month time thresholds (b ϭ Ϫ0.0146), whereas the slope when using a threshold of 36 months is slightly flatter (Ϫ0.0125). All of these values are significant at the P Ͻ 0.01 level, evidence of a decline in the number of positive cores over time.
We compared serum levels of 25(OH)D (in nanograms per milliliter) at the end of the study between responders (66.8 Ϯ 14.5) and nonresponders (65.5 Ϯ 14.6), but the values were not significantly different (P ϭ 0.77), suggesting that other factor(s), in addition to the level of vitamin D repletion, affect the response to supplementation.
Circulating values of vitamin D 3 (cholecalciferol) and 1,25(OH) 2 D (calcitriol) were measured in 19 subjects for whom extra serum samples were available, and we found significant differences between baseline and exit values of calcitriol (37.8 Ϯ 15.2 vs. 46.6 Ϯ 19.6 pg/ml, respectively; P ϭ 0.023) but no obvious correlation with positive core data. However, there was a more significant increase from baseline in circulating levels of cholecalciferol (6.2 Ϯ 3.3
FIG. 3.
Comparison of repeat biopsy outcome between vitamin D 3 -supplemented subjects and historical controls. A, Supplemented subjects appeared to have a lower rate of progression (P ϭ 0.0514) compared with baseline. B, Supplemented subjects appeared to have a significantly higher rate of improvement (P ϭ 0.0257) compared with baseline. Bars are exact 95% confidence intervals (CI).
vs. 13.1 Ϯ 3.7 ng/ml, respectively; P Ͻ 0.0001), indicating that these levels are much more responsive to supplementation than calcitriol (Fig. 5 ).
Discussion
Increasing numbers of patients diagnosed with low-risk prostate cancer are electing active surveillance due to the relative indolent nature of the disease as well as the risks of side effects from definitive treatment (surgery or radiation therapy). This approach includes regular monitoring of the disease through measurements of serum PSA levels, digital rectal examination, and repeat prostate biopsy in an attempt to identify those who are at risk for progressing to clinically relevant disease. To date, it is unclear what other parameters can help clinicians either identify those at risk for progression or provide treatment measures to prevent progression of disease.
The results of our clinical study suggest that serial measurements of PSA serum levels (every 2 months for 1 yr) are a relatively poor predictor of progression in patients with low-risk prostate cancer. However, the combination of active surveillance and vitamin D 3 supplementation at 4000 IU/d resulted in a decreased number of positive cores at repeat biopsy in more than half of patients diagnosed with low-risk prostate cancer. These subjects (responders) are all eligible to remain on active surveillance and do not require definitive treatment (e.g. surgery or radiation therapy). Therefore, this regimen may decrease the chances of overtreatment for patients with low-risk prostate cancer who, based on the results of the repeat biopsy, respond to the combination and remain stable or improve. Conversely, vitamin D 3 supplementation did not benefit 35-40% of subjects (nonresponders) for reasons yet to be investigated. Nevertheless, the combination of active surveillance and vitamin D 3 supplementation may also help identify those patients (nonresponders) who are more likely to need definitive treatment.
The results of this clinical study indicate that changes in circulating levels vitamin D 3 and 25(OH)D are quite substantial. In contrast, the much smaller differences between baseline and exit values of circulating 1,25(OH) 2 D suggest that renal production of 1,25(OH) 2 D may be less responsive to vitamin D 3 supplementation and does not necessarily correlate with the tissue levels of calcitriol; furthermore, the prostate 25-hydroxyvitamin D-1-␣-hydroxylase, unlike the renal enzyme, is not regulated by PTH and calcium (31) . In turn, this suggests that vitamin D action on prostate tissue is through an autocrine/paracrine mechanism, rather than the classic renal endocrine pathway. The mechanism of action is likely to be mediated through the delivery of cholecalciferol and 25(OH)D to prostatic cells, with subsequent activation to 25(OH)D and 1,25(OH) 2 D by CYP2R1 and CYP27B1, respectively (9, 10) . A similar mechanism has been described for the control of cathelicidin production by human monocytes and macrophages, for which circulating calcitriol levels are of little consequence (32) . The increased circulating levels of cholecalciferol may be of considerable importance because its free concentration would be high enough to enter the cell at an accelerated rate to be hydroxylated first to 25 culating 25(OH)D levels. This has been previously reported in a recent study in which production of 25(OH)D decreases when circulating 25(OH)D levels approach 40 ng/ml, probably through feedback inhibition (30) .
Comparison of the outcomes of repeat biopsy, between supplemented subjects and historical controls, suggests that supplementation with vitamin D 3 at 4000 IU/d may benefit patients with early-stage, low-risk prostate cancer on active surveillance. However, we realize that there are many limitations to the use of historical controls for comparison purposes. The historical control cohort analyzed in this study was small and there may be additional differences in this group, leading to potential biases. Furthermore, we could not measure levels of circulating vitamin D in these control subjects. Therefore, it is essential to validate the effectiveness of vitamin D 3 supplementation in active surveillance by conducting a larger-scale, randomized clinical trial.
This study was not intended to investigate any mechanism by which vitamin D may interfere with growth, viability, or survival of prostate cancer cells. However, it has been shown that calcitriol is capable of inducing apoptotic death of prostate cancer cells (24, 25) . Also, high VDR expression in human prostate cancer is associated with a reduced risk of lethal disease (8) . Furthermore, it has been recently reported that in mice a vitamin D 3 -deficient diet combined with low VDR expression results in a tissue environment favoring early procarcinogenic events that enhance prostate cancer risk (33) . Therefore, our working hypothesis is that vitamin D 3 supplementation at 4000 IU/d may benefit patients with low-risk prostate cancer by increasing the prostate tissue levels of 1,25(OH) 2 D 3 , which in turn will induce apoptosis of cancer cells. We also propose to use positive cores at repeat biopsy as a progression biomarker to assess the potential benefit of treatment options that specifically target early-stage, lowrisk prostate cancer.
Prevention of cancer by vitamin D in humans has relied mostly on observational studies (34) . It should be noted that these types of studies all compare the lowest with the highest levels found within a population that is not supplemented and do not have a comparable group with high enough 25(OH)D levels to inhibit cancer progression (35), as we have observed in this study. Using vitamin D to prevent cancer was recently declared ineffective based on three randomized controlled trials (28) . Two of the three trials were probably not successful because of either too long intervals between supplementation doses (36) or providing an insufficient amount of vitamin D 3 in the treatment arm, which essentially becomes another placebo group (37). Trivedi et al. (36) administered an oral dose of 100,000 IU vitamin D 3 on a quarterly basis for 5 yr, which proved to be effective on skeletal homeostasis but was ineffective on cancer prevention. The Women's Health Initiative study, which involved thousands of subjects, was positive for colorectal cancer vs. circulating 25(OH)D levels based on their nested case-control data (37) . However, the interventional arm of the study was negative because of insufficient supplementation: in this study, 400 IU/d of vitamin D 3 for 7 yr as a treatment would have been unable to significantly raise systemic levels of 25(OH)D. In fact, the actual vitamin D intake in this large study was approximately 280 IU/d if their reported compliance rate is taken into account (37) . Furthermore, this study did not perform any posttreatment 25(OH)D analyses on the subjects and implied that a 280 IU/d vitamin D supplement would be an effective dose, which is not likely (38) . The third randomized controlled trial (39) was a vitamin D-based skeletal study; however, a secondary analysis of the data demonstrated a strong preventive effect on cancer. Our interventional trial is similar to that of Lappe et al. (39) , in that both studies used a daily dose of vitamin D 3 that would increase and maintain a stable circulating level of 25(OH)D during the study period, although the dosage used in our study (4000 IU/d) resulted in much higher systemic circulating levels of 25(OH)D. It is worth noting that in both the study by Lappe et al. (39) and our interventional trial, baseline 25(OH)D levels were 70 -80 nmol and increased significantly after supplementation to produce the prevention/ treatment effects on cancer. According to the recent IOM report, our mean basal circulating 25(OH)D level of 80 nmol far exceeded the recommended level of 50 nmol (27) . Furthermore, the IOM report went as far as to say that circulating 25(OH)D levels exceeding 125 nmol could be a risk factor for developing cancer. Our study resulted in 25(OH)D levels reaching 175 nmol with no clear adverse events but with potential oncologic benefits. We therefore hypothesize that there are different vitamin D requirements or thresholds for different biological systems (e.g. skeletal vs. prostate).
It is important to point out the absence of any measurable toxicity of the vitamin D 3 treatment used in this clinical study. Supplementation with 4000 IU/d for 1 yr elevated circulating 25(OH)D to a range recently recommended by The Endocrine Society practice guidelines (40) . These guidelines, compared with those of the Food and Nutritional Board of the IOM (16), recommend a 2-to 3-fold increase in vitamin D intake, with a tolerable upper intake level of 10000 IU/d. The IOM report also concluded that circulating 25(OH)D levels were unrelated to various neoplasias, including prostate cancer, and in fact higher levels of circulating 25(OH)D could make the cancer worse. These conclusions of the IOM report are not supported by our current data. Our next objective is to conduct a definitive, randomized trial to validate the effectiveness of vitamin D 3 supplementation in active surveillance, using an intervention strategy that is extremely cost effective and easy to implement.
